ABSTRACT Thymidylate synthase (5,10-methylenetetrahydrofolate:dUMP C-methyltransferase, EC. 2.1.1.45) from methotrexate-resistant Streptococcus faecium has a UV absorbance peak at 259 nm and stains with acridine orange because of the presence of RNA on the protein. Material having an absorbance peak at 254 nm, obtained from the enzyme by phenolextraction, is degraded by treatment with pancreatic RNase, Ti RNase, and alkali but is stable to DNase. Dowex-ichromatography ofthe pure enzyme yields two polynucleotide fragments in addition to the apoenzyme. As estimated from their absorbance, these fragments contain 4 and I1 mononucleotide residues per mole of enzyme, respectively. In crude extracts, thymidylate synthase is associated with rapidly sedimenting material that is sensitive to RNase. Treatment of crude extracts with RNase, asis done routinely during thymidylate synthase purification, most likely results in the formation of the small polynucleotides found on the enzyme. The RNA is not required for enzyme activity. 80 g-of a pancreatic digest of casein, and 40. g of yeast extract in 16 liters for 18 hr at 370C. The harvested cells were suspended in 0.08 M potassium phosphate (pH 7.0) and disrupted using a Braun-Sonic 1510 for 6 min, and the resulting solution was centrifuged. The extracts retained their original level of enzyme activity.after storage for 8 wk at 40C or at -20'C.
. Tumor cells and chemically or virally transformed cells also have higher levels of this enzyme (6, 7) . These factors make thymidylate synthase a key target enzyme for cancer chemotherapy (8, 9) . Extracts ofmethotrexate (MTX)-resistant Lactobacillus casei (10) and Streptococcusfaecium (11) are particularly rich sources of this enzyme. We report here on the association of RNA with thymidylate synthase from MTX-resistant S. faecium.
MATERIALS AND METHODS
Chemicals. Na-[Pteroyltetra(y-glutamyl)]lysine was provided by M. G. Nair (University of South Alabama, Mobile). 80 g-of a pancreatic digest of casein, and 40. g of yeast extract in 16 liters for 18 hr at 370C. The harvested cells were suspended in 0.08 M potassium phosphate (pH 7.0) and disrupted using a Braun-Sonic 1510 for 6 min, and the resulting solution was centrifuged. The extracts retained their original level of enzyme activity.after storage for 8 wk at 40C or at -20'C.
5-Fluoro
Enzyme Assays. Thymidylate synthase (12) and dihydrofolate reductase (13) were assayed spectrophotometrically. Protein was determined by absorbance at 280 nm and 260 nm (14) or by the Lowry method (15) .
Enzyme.Purification. The crude.extract was incubated with RNase A/DNase I (Sigma) (4 mg of each per 500 mg of extract protein) at room temperature for 1 hr. The solution was cooled to 40C and the material precipitating-at 50-95% saturation of (NH4)2SO4 was collected, dissolved in 0.08 M potassium phosphate (pH 6.8), and dialyzed against 6 liters of the same buffer for 20 hr at 40C. The dialysate was diluted with an equal volume of buffer B (the thymidylate synthase reaction mixture described in ref. 12 without H4PteGlu) and applied to a 4 X 1.2 cm Na-[pteroyltetra(y-glutamyl)]lysine-Sepharose column (16) that was then washed with 80 ml of buffer B and 20 ml of buffer A (50 mM Tris-HCl/1 mM EDTA, pH 7.4)/1 mM dUMP. These washes contained no enzyme activity. The enzyme was eluted with thirty 4.5-ml fractions of buffer A, with the bulk of the enzyme emerging in fractions 6-15. The column was then washed with 45 ml of0.5 M KCl. The active fractions were concentrated to 4.5 ml using a collodion membrane filter bag (Schleicher & Schuell) ( (17) . After thorough mixing, the solution was centrifuged at 10,000 X g for 10 min at 40C. The aqueous phase (1 ml), which contains the nucleic acid, was treated with 0.1 ml of 1 M NaCl and then with 3 ml of ethanol,. and the solution was kept for 12 hr at -900C to precipitate the nucleic acid, which was recovered by centrifugation and dissolved in 1 ml of H20. Dowex-1 chromatography. A 6 X 0.6 cm Dowex-1 X 8 (Baker, 100-200 mesh) column in the chloride form was equilibrated with buffer A, 400 jig of the purified enzyme in 0.5 ml of buffer A was added, and the column eluted with buffer A at 40C.
Treatment of Nucleic Acid with Nucleases or KOH. A 0.2-ml portion ofthe aqueous extract obtained by phenol treatment was incubated in 1 ml of 50 mM Tris HCI/50 mM NaCI, pH 7.5, with 1 ,g each of pancreatic RNase and T1 RNase or with pancreatic DNase for 30 min at 370C. KOH treatment was carried out by adding 0.2 ml of the nucleic acid solution to 1 ml of 1 M KOH and heating the mixture to 100'C for 10 min and then neutralizing. The solutions from enzymatic or alkaline treatment were then treated with cold ethanol/NaCl as described above, and the precipitated material was suspended in 1 ml of H20 for measurement of absorbance.
Sucrose Density Gradient Sedimentation. The crude extracts were layered over 5-ml linear 5-20% sucrose gradients in 0.08 M potassium phosphate (pH 6.8) and centrifuged at 50,000 rpm for 4 hr at 40C in a Beckman SW 50.1 rotor. (18) . The S. faecium enzyme elutes from the affinity column when dUMP is omitted from the elution buffer whereas the L. casei enzyme remains bound under that condition (16) .
A small amount of dihydrofolate reductase elutes from the affinity column, both in fractions containing thymidylate synthase and in fractions free of thymidylate synthase. Based on the specific activity of pure S. faecium dihydrofolate reductase of 18,000 (,umol/hr)/mg of protein (19) , the maximum level of contamination found in the pooled thymidylate synthase is 0.5%.
Criteria for Purity. Thymidylate synthase purified as outlined in Table 1 is pure by the following criteria. (i) Gel electrophoresis gives a single protein band with or without the addition of NaDodSO4 (Fig. 1) . In the absence of NaDodSO4, the protein band is enzymatically active. (ii) Isoelectric focusing gives a single protein band that is enzymatically active (Fig. 2). (iii) Sephadex G-100 gel filtration, carried out for Mr determination (see Fig. 3A ), gives a single symmetrical peak (data not shown). (iv) Sucrose density gradient sedimentation, also carried out for Mr determination (see Fig. 3B ), also gives a single symmetrical peak (data not shown). (v) Pure enzyme would be expected to bind 2.0 mol of dUMP per mol of enzyme as is the case with the L. casei enzyme (23) . Using the filter assay procedure (24), we found that the ternary complex formed by the interaction of [ Gel electrophoresis of thymidylate synthase from S. faecium (lanes 1) and L. casei (lanes 2) in the absence (A) and presence (B) of 1% NaDodSO4 (20, 21) . Lane 3: standard proteins (see Fig. 3C ).
Ten-microgram samples were used.
Mr Determination. A Mr of 72,000 is found for both the S. faecium and L. casei thymidylate synthases by both gel filtration (Fig. 3A) and sucrose density gradient sedimentation (Fig. 3B) . Gel electrophoresis in the presence of NaDodSO4 gives values of 36,000 for the S.faecium enzyme and 37,000 for the L. casei enzyme (Fig. 3C) , which shows that the S. faecium enzyme is a dimer as is the case with the L. casei enzyme (23) . Our results with the L. casei enzyme are in good agreement with the Mr of 73,176 determined from the amino acid composition (27) .
pI Determination. The isoelectric focusing pattern obtained for the S .faecium enzyme (pI 4.2) is shown in Fig. 2 , along with marker proteins. Under the same conditions, the L. casei enzyme has a value of 5.0.
Detection of Nucleic Acid with Acridine Orange. A band that stains with acridine orange after electrophoresis of the S. faecium enzyme is shown in Fig. 4 UV Absorbance Spectrum. The UV spectrum of S. faecium thymidylate synthase is shown in Fig. 5 . The enzyme has an absorbance maximum at 259 nm, a minimum at 233 nm, and an A280/A260 ratio of 0.52. The L. casei enzyme has an absorbance maximum at 278 nm, a minimum at 251 nm, and an A280/ A260 ratio of 1.87 (29) . These results suggest that the S .faecium enzyme is associated with nucleic acid in spite of the treatment of the crude extract with RNase and DNase during the purification procedure.
Identification of the Nucleic Acid. Treatment of a solution of S .faecium thymidylate synthase with phenol yields material in the aqueous phase that is insoluble in cold ethanol/NaCl and has a UV spectrum similar to that of the starting material but with the peak shifted to 254 nm (Fig. 5) . This UV-absorbing material is sensitive to RNase and KOH digestion but insensitive to DNase (Fig. 6 ). After treatment with RNase or KOH, some ethanol-insoluble material with absorbance at 310 nm remains (Fig. 6) . The nature of this material is not known. These results indicate that at least some ofthe material attached to the enzyme is RNA.
When 5.5 nmol ofthymidylate synthase (total A260 = 1.2) was chromatographed on Dowex-1, three fractions were obtained (Fig. 7) . Peaks 1 and 2 have UV maxima in the 255-to 260-nm range (Fig. 8) activity. Peak 2 has a spectrum typical of nucleic acid whereas peak 1 has unusually high absorbance in the 260-to 310-nm region. Peak 3 contains 77% of the protein and 34% of the thy- midylate synthase activity added to the column. In two separate experiments, total recoveries of 260-nm absorbance were 90% and 111%, respectively. About 15% of the 260-nm absorbance of the starting material is due to protein. Assuming a molar absorbancy of 12,000 for an average nucleotide component of RNA, it can be calculated that peak 1 contains 4 and peak 2 contains 11 nucleotide residues per mol of thymidylate synthase. This experiment shows that the nucleic acid is not essential for enzyme activity. Escherichia coli RNase P (30) has a RNA fragment that is essential for its activity.
Sucrose Density Gradient Sedimentation. Because the purification of thymidylate synthase involves treatment of the crude extracts with RNase and DNase, we considered the possibility that the nucleic acid fragments found on the enzyme might be the remains ofa larger fragment degraded by nuclease action. Sucrose density gradient sedimentation studies show that, in crude extracts not treated with nucleases, thymidylate synthase sediments as a broad band associated with high Mr 8 . UV spectra of nucleic acid fragments isolated from S. faecium thymidylate synthase by Dowex-1 chromatography (Fig. 7). ....., Peak 1;----,peak 2. material (Fig. 9A) . The same result is obtained when crude extracts are treated with DNase alone. However, after RNase treatment, the enzyme sediments as a single sharp peak (Fig.  9B) . A control experiment showed that, when pure enzyme is added to crude extracts not treated with nuclease, it sediments as a single sharp peak identical to the peak shown in Fig. 9B , indicating that the broad band ofenzyme activity in Fig. 9A does not result from random association of the enzyme with high Mr material in the crude extracts. The sedimentation behavior of the enzyme in crude extracts is quite different from that of the bulk protein (Fig. 9) . The latter sediments more slowly and in a more homogeneous fashion. Moreover, RNase treatment has relatively little effect on its sedimentation.
Our results show that thymidylate synthase from S. faecium is similar to the L. casei enzyme with respect to Mr, subunit structure, and Km values for dUMP and H4PteGlu but differs with respect to UV absorbance spectrum, acridine orange staining pattern, and pI. The properties of the S. faecium enzyme are consistent with the presence of nucleic acid on the protein.
Separation ofthe nucleic acid from the protein by phenol treatment and Dowex-1 chromatography shows that they are not covalently linked. The sucrose density gradient sedimentation studies show that most of the thymidylate synthase in crude extracts is associated with rapidly sedimenting material that is subject to digestion with RNase. This material is highly heterogeneous in size. It is unlikely that these unusual sedimentation characteristics are due simply to association of the enzyme with a RNA molecule. Such a complex would be expected to behave as a more homogeneous component. It is possible that the enzyme is associated through RNA with a more complex structure. A possible function for the RNA in the complex is to serve as a structural matrix for enzymes of deoxyribonucleotide synthesis, holding them in a favorable orientation to one another to provide deoxynucleotide triphosphates at the replicating fork of DNA (31) .
